13.
14. Potassium (K) channels play a critical role in determining the time course of electrical changes in most types of cell. At rest the membrane potential of a typical cell lies positive to the potassium equilibrium potential (EK). Thus when K channels open, the cell hyperpolarizes and the membrane potential moves away from the threshold for the opening of depolarization-dependent calcium and sodium channels.
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Many different types of K channel have been identified. However, it is currently believed that these do not differ significantly in their architecture, but rather in their gating processes, three basic types of which have been identified (Hille, 1984 Analysis of gating properties has been made possible by recent advances in electrophysiological technique{ which allow currents to be recorded from isolated single cells and membrane patches. In parallel with these studies, biochemical investigations have yielded important information about the biochemical pathways involved in K-channel gating.
Phosphatidylinositol-4,5-biphosphate path way involvement
The products of phosphatidylinositol-4,5-biphosphate [PtdIns( 4,5 )P2] hydrolysis, namely inositol triphosphate (Ins P3) and diacylglycerol (DG), have been shown to modulate K channel activity by changing both the intracellular Ca2+ concentration and by activation of protein kinase C (PKC). It has been proposed that the subsequent regulation of neuronal excitability may be a general feature of receptors linked to inositol lipids (Berridge, 1986 ).
This suggestion followed early indications that DG produced a decrease in membrane K conductance through PKC activation in hippocampal pyramidal neurons (Baraban et a[., 1985) , photoreceptors of Hermissenda (Farley & Auerbach, 1986 ) and bag cell neurons of Aplysia (Kaczmarek & Strumwasser, 1984) , by decreasing both Cazf-sensitive and voltage-sensitive K currents. Such K channel closure, especially that of the voltage sensitive, rapidly inactivating ' A' channels of Hermksenda photoreceptors, which are normally open at the resting membrane potential (RMP), results in a net excitation (Hille, 1984) .
Bradykinin-induced generation of InsP, has been implicated in the activation of Ca2+-dependent K channels which 625th MEETING, LONDON regulate after-hyperpolarization and subsequent limitation of excitability in the serlsory neurons of rabbit nodose ganglion (Weinreich, 1986) . In neuroblastoma-glioma cells, both limbs of the bifurcating Ptdlns( 4,5)P2 pathway have been shown to regulate two different K channels (Higashida & Brown, 1986) . Hydrolysis of PtdIns(4,5)P2 induced by bradykinin, produced an initial transient outward (hyperpolarizing) current associated with an increase in membrane conductance, followed by a sustained depolarization associated with ion channel closure. The former event was due to the opening of a Ca2+-dependent K channel regulated by InsP,-induced Ca'+ mobilization. The later depolarization was associated with closure of a voltage-dependent K channel which was sensitive to DG. For the first time, therefore, a dual time-dependent role for InsP, and DG in the control of neuronal signalling via K channel regulation had been described.
Adenylate cychse pathway involvement
Activation of cyclic-AMP-dependent protein kinase (PK) has been implicated in the regulation of K conductance in a variety of neuronal preparations, especially that of the serotonin-sensitive K current (S current) in Aplysia sensory neurons. This current, which is active at the RMP and insensitive to Ca2 ', provides a background conductance, modulation of which can alter the action potential threshold, height and duration. Serotonin causes a cyclic-AMPdependent-PK-mediated decrease in the magnitude of the S current resulting in prolonged action potential duration and an increased transmitter release which accompanies the slow excitatory postsynaptic potential (Schuster et al., 1986) , i.e. presynaptic facilitation is effected. Cyclic-AMP-dependent PK activation has also been implicated in the production of a Ca? +-dependent K current in snail (Helix) ganglia producing sustained changes in channel activity (Ewald et al., 1985) . More recently, this process also seems to be involved in the reversible closure of K channels present in the membrane of isolated frog taste receptor cells, eliciting depolarization (Avenet et al., 1987) .
The abdominal ganglion cells of Aplysia, which are endogenous bursters, are hyperpolarized by serotonin and bursting ceases. This effect, also produced by branchial nerve stimulation in abdominal ganglia is apparently caused by cyclic-AMP-dependent PK-induced activation of an anomalously rectifying K channel (Lemos et al., 1986) . Studies in a number of laboratories have therefore independently shown that the electrical activity of some nerve cells can be regulated by K channel modulation resulting from cyclic AMP production.
Nucleotide sensitive K channels
ATP has been implicated as a regulator of K channels, predominantly by effecting their closure (Stanfield, 1987) . Such regulation may form a link between the metabolic state of a cell and its K permeability. It is apparently independent of ATP hydrolysis, since non-hydrolysable analogues of ATP are also regulatory and a direct binding of ATP to the channel has been suggested. ADP and AMP are also capable of closing these K channels, but at a much higher concentration than is necessary for ATP-dependent closure.
ATP-dependent K channels, which are well characterized in cardiac muscle (Noma, 1983) , have now been identified in skeletal muscle (Spruce et a[., 1985) . The channels in question are closed at physiological resting levels of intracellular ATP and furthermore display voltage-dependent opening. More recently, a dual regulatory role for ATP has been proposed whereby ATP hydrolysis serves to phosphorylate a part of the channel rendering it susceptible to opening at low concentrations of ATP. At higher concentrations ATP binding serves, as previously discussed, to close the K channel. The complexity of nucleotide regulation of K channels has recently been reviewed (Stanfield, 1987) .
Channel opening induced by low intracellular concentrations of ATP may explain the high K permeability of fatigued muscle fibres characteristic of metabolic exhaustion. In cardiac muscle, a decreased action potential duration, which would occur if these channels were to open during ischaemia, would be advantageous. It would limit cardiac contractility, conserve ATP and possibly prevent cell damage following impairment of enzyme metabolism. As well as pathophysiological implications, the ATP-regulated K channel may also be important physiologically since K is quite a potent vasodilator (Scott et al., 1970) . Thus K loss from a metabolically active cell in which ATP concentrations are low may link blood supply with metabolic demand.
K channels sensitive to intracellular ATP concentrations have also been described in pancreatic b-cells (Cook & Hales, 1984) . The K channels involved are known to be closed by the oral hypoglycaemic agents tolbutamide and glibenclamide (Henquist & Meissner, 1982; Sturgess et al., 1985) . These drugs may thus be useful in the treatment of ischaemia-induced arrhythmias which occur following K loss from the myocardium after a myocardial infarction.
Changes in extracellular ATP concentrations produce opening of K channels in certain mammalian smooth muscles (Banks et al., 1979) . Such channels can be blocked by the bee venom toxin apamin and are apparently distinct from those regulated by intracellular ATP concentration.
GTP-binding protein involvement
K channel regulation by GTP-binding proteins (Gproteins), possibly independently of second messenger generation, is presently under investigation. Early evidence for such a regulation of delayed rectifier and inward rectifier K channels of cardiac muscles and pacemaker cells, activated by the ligand acetylcholine, is well documented (Pfaffinger et al., 1985) . It is prevented by pertussis toxin pretreatment which causes ADP ribosylation of G-proteins.
More recently, this type of regulation has been observed in the ganglion cells of Apfysia in which various ligands (e.g. acetylcholine, histamine and dopamine) elicit an opening of K-channels via G-protein involvement (Sasaki & Sato, 1987) . Guanosine 5'-[ y-thioltrisphosphate a non-hydrolysable analogue of GTP, caused a similar opening, but of slower onset and its effects were irreversible. Attempts to determine which of the G-protein subunits are the regulators of K channel activity has led to much controversy. At present, there is evidence that both the a-subunit (Codina et al., 1987) and the bysubunit (Logothetis et al., 1987; Dunlap et al., 1987) are implicated as active moieties. Further work is needed to clarify this, but the principle of K channel regulation by G-protein subunits has been established.
Pharmacological modulation of K channel opening
Recent pharmacological developments have shown that K channels in smooth and cardiac muscle can be selectively opened by agents like cromakalim (BRI349 15) and pinacidil (Weston & Abbott, 1987; Hamilton & Weston, 1988; Weston et al., 1988) . The existence of these agents, together with others like tolbutamide, glibenclamide and apamin already mentioned, now provides investigators with several pharmacological tools with which to examine K-channel pharmacology. The K-channel openers cromakalim and pinacidil in particular promise important therapeutic Vol. 16 advances in the treatment of cardiovascular disease and bronchial asthma.
Conclusion
K channels represent the most diverse group of ion channels so far investigated. Biochemical, electrophysiological and pharmacological approaches are now being applied to clarify the mechanisms responsible for gating K channels. The very diversity of these channels suggests that synthetic agents specific for individual types of K channel will be developed. Such a prospect offers fascinating opportunities both for basic research and for clinical exploitation.
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Introduction
Gap junctions allow a direct cell-to-cell communication, and are sometimes thought to confer a syncitial behaviour to a coupled ensemble of cells. This view is of course far too simple: like the other ionic channels, junctional channels can adopt at least two states, open and closed, and one cannot understand the function of such channels without considering the transitions between these different states. The existence of coupling between cells of a tissue in resting conditions means that a large number of gap junction channels in the tissue are normally open. These open channels could therefore be involved in the maintenance of the steady-state conditions. However, the functional significance of the closed state of these channels should also be examined. In addition, there are examples where in resting conditions, gap junction channels are closed, and open only Abbreviations used: PKC, protein kinase C; DAG, diacylglycerol; ACh, acetylcholine. in stimulated states (Giaume & Korn, 1983; Margiotta & Walcott, 1983) . In this paper, I shall review the functions of the open and closed states of gap junction channels, with special attention to the possible involvement of protein phosphorylation in the modulation of gap junction function.
Possible functions of open gap junction channels
Gap junction channels are large-sized pores which discriminate very poorly between cations and anions (Neyton & Trautmann, 1985) , and which allow the intercellular circulation of molecules of up to 1200 Da (for globular molecules) (see for review, Loewenstein, 1981) . The large size of these channels makes them suitable for different potential functions. As will be seen, the tissue specificity of intercellular communication and its regulation is much more marked than in species specificity (at least among vertebrates). This functional tissue specificity may be related to the differences between the gap junction proteins found in various organs, differences that have progressively emerged during evolution, under different selective pressures: gap junctions are present in large numbers in liver, heart and lens for instance, and their channel-forming proteins share several antigenic determinants (Willecke et al., 1985) , but they are also clearly
